Palmitic acid esters of hydroxy stearic acids (PAHSAs) are bioactive lipids with antiinflammatory and antidiabetic effects. PAHSAs reduce ambient glycemia and improve glucose tolerance and insulin sensitivity in insulin-resistant aged chow-and high-fat dietfed (HFD-fed) mice. Here, we aimed to determine the mechanisms by which PAHSAs improve insulin sensitivity. Both acute and chronic PAHSA treatment enhanced the action of insulin to suppress endogenous glucose production (EGP) in chow-and HFD-fed mice. Moreover, chronic PAHSA treatment augmented insulin-stimulated glucose uptake in glycolytic muscle and heart in HFD-fed mice. The mechanisms by which PAHSAs enhanced hepatic insulin sensitivity included direct and indirect actions involving intertissue communication between adipose tissue and liver. PAHSAs inhibited lipolysis directly in WAT explants and enhanced the action of insulin to suppress lipolysis during the clamp in vivo. Preventing the reduction of free fatty acids during the clamp with Intralipid infusion reduced PAHSAs' effects on EGP in HFD-fed mice but not in chow-fed mice. Direct hepatic actions of PAHSAs may also be important, as PAHSAs inhibited basal and glucagonstimulated EGP directly in isolated hepatocytes through a cAMP-dependent pathway involving Ga i protein-coupled receptors. Thus, this study advances our understanding of PAHSA biology and the physiologic mechanisms by which PAHSAs exert beneficial metabolic effects.
Introduction
Type 2 diabetes (T2D) is a worldwide epidemic that affected 425 million people in 2017, as estimated by the International Diabetes Federation (1) . The major pathogenic factors in T2D are resistance to the actions of insulin in adipose tissue, muscle, and liver, and dysregulated insulin secretion. Whole-body glucose homeostasis is maintained primarily by a balance between endogenous glucose production (EGP), mainly from the liver, and glucose uptake by muscle, adipose tissue, and liver (2) . EGP is regulated by hormones, substrates, and neuronal signals. For example, glucagon and catecholamines activate Gα s protein-coupled receptors and increase EGP through a cAMP-dependent pathway, which involves PKA activation (3) . On the other hand, insulin suppresses EGP directly through an insulin receptor/PI3K pathway and indirectly through the suppression of adipose tissue lipolysis (4) (5) (6) (7) . Impaired suppression of EGP by insulin (direct or indirect) contributes to the fasting hyperglycemia in T2D. Hence, restoring hepatic and systemic insulin sensitivity is an effective approach to prevent and treat T2D. However, few insulin-sensitizing medications are currently available, and those that are available have significant side effects and are not used widely (8, 9) . Because hyperinsulinemia and insulin resistance have been implicated in the risk for cardiovascular disease, cancer, neurodegenerative diseases, and cognitive dysfunction (10) (11) (12) , there is a major need for insulin sensitizers to reduce the burden of metabolic disease.
Our laboratory discovered a class of structurally novel bioactive lipids, branched fatty acid esters of hydroxy fatty acids (FAHFAs), that are synthesized in humans, animals, and plants, and have antidiabetic and antiinflammatory properties (13) (14) (15) . FAHFAs consist of a fatty acid and a hydroxy fatty acid linked by an ester bond. An in silico analysis predicted that more than 1000 structurally distinct FAHFAs could exist (16) , and we and others identified more than 20 FAHFA families in mammalian tissues and 49 families in plants (13) (14) (15) . Serum levels of one FAHFA family, palmitic acid esters of hydroxy stearic acid (PAHSAs), correlate highly with insulin sensitivity in humans, and PAHSA levels in serum and subcutaneous (SQ) adipose tissue are lower in insulin-resistant compared with insulin-sensitive people (13) . Furthermore, others showed that levels of 5-PAHSA in breast milk are negatively correlated with obesity in nursing mothers (17) . PAHSA levels are also decreased in liver and SQ adipose tissue (but not in perigonadal adipose tissue) of mice with high-fat diet-induced (HFD-induced) insulin resistance (13) . PAHSAs enhance glucose tolerance and insulin sensitivity in chow-and HFD-fed mice without altering adiposity (13, 18, 19) , potentiate insulin and GLP-1 secretion in aged chow-fed mice (18) , and have antiinflammatory properties (13, 14, 18, 20) . PAHSAs also augment glucose-stimulated insulin secretion in human islets from nondiabetic individuals and those with T2D (13, 18, 21) . Recent data Palmitic acid esters of hydroxy stearic acids (PAHSAs) are bioactive lipids with antiinflammatory and antidiabetic effects. PAHSAs reduce ambient glycemia and improve glucose tolerance and insulin sensitivity in insulin-resistant aged chowand high-fat diet-fed (HFD-fed) mice. Here, we aimed to determine the mechanisms by which PAHSAs improve insulin sensitivity. Both acute and chronic PAHSA treatment enhanced the action of insulin to suppress endogenous glucose production (EGP) in chow-and HFD-fed mice. Moreover, chronic PAHSA treatment augmented insulin-stimulated glucose uptake in glycolytic muscle and heart in HFD-fed mice. The mechanisms by which PAHSAs enhanced hepatic insulin sensitivity included direct and indirect actions involving intertissue communication between adipose tissue and liver. PAHSAs inhibited lipolysis directly in WAT explants and enhanced the action of insulin to suppress lipolysis during the clamp in vivo. Preventing the reduction of free fatty acids during the clamp with Intralipid infusion reduced PAHSAs' effects on EGP in HFD-fed mice but not in chow-fed mice. Direct hepatic actions of PAHSAs may also be important, as PAHSAs inhibited basal and glucagon-stimulated EGP directly in isolated hepatocytes through a cAMP-dependent pathway involving Gα i protein-coupled receptors. Thus, this study advances our understanding of PAHSA biology and the physiologic mechanisms by which PAHSAs exert beneficial metabolic effects.
Insulin levels were elevated in both vehicle-and PAHSA-treated HFD-fed mice compared with chow-fed mice, reflecting their insulin resistance, and acute PAHSA infusion did not change ambient serum insulin levels on either diet ( Figure 1D ). Fasting induces hormones such as glucagon that increase hepatic glucose production by increasing cAMP and activating PKA, which phosphorylates target proteins such as cAMP response element binding protein (CREB) (28) . Therefore, we aimed to determine whether the acute effect of 9-PAHSA on EGP is due to attenuation of the PKA signaling cascade. Figure 1E shows that 9-PAHSA infusion reduced CREB phosphorylation by 48% in liver. In addition, 9-PAHSA infusion decreased the expression of 2 CRE-containing genes, glucose-6 phosphatase catalytic subunit (G6pc1) and phosphoenolpyruvate carboxykinase 1 (Pck1), by 66% and 32%, respectively, in chow-fed mice ( Figure 1F ), consistent with effects on PKA signaling. Moreover, 9-PAHSA infusion reduced G6pc1 mRNA levels by 76% in mice on an HFD, similar to the results in chow-fed mice ( Figure 1F ). 9-PAHSA infusion also decreased hepatic glucose-6-phosphatase (G6pase) maximal activity in liver of both chow-and HFD-fed mice, without changing K m ( Figure  1G ). G6pase is rapidly regulated by cAMP (29) and catalyzes the rate-limiting step of glucose output, which exerts greater control than Pck1 on the short-term regulation of EGP (30, 31) . Taken together, these data indicate that acute PAHSA administration decreases EGP through inhibition of the cAMP/PKA signaling pathway, which leads to decreased G6pase activity.
Chronic PAHSA treatment decreases glycemia during pyruvate and lactate tolerance test in chow-and HFD-fed mice. To determine whether chronic PAHSA treatment can prevent the insulin resistance that is characteristic of HFD feeding, we delivered 5-PAHSA (0.1 mg/d) and 9-PAHSA (0.4 mg/d) via subcutaneous osmotic minipumps starting with the initiation of HFD feeding. We selected 9-and 5-PAHSA because 9-PAHSA is the most abundant isomer in WAT and brown adipose tissue (BAT) in WT mice and is also downregulated in WAT of insulin-resistant humans (13); and 5-PAHSA is the most consistently downregulated isomer in serum and all adipose depots of insulin-resistant mice and in WAT and serum of insulin-resistant humans (13) . Since serum levels of 9-PAHSA are 3-fold higher than those of 5-PAHSA (13), we administrated 9-and 5-PAHSA at a 3:1 ratio. PAHSA treatment had no effect on body weight (Figure 2A ), fat mass, or food intake (Supplemental Figure  2 , A and B), consistent with our previous study, in which we treated mice that had already been on an HFD with PAHSAs (18) . In HFDfed mice, PAHSA treatment did not change glucagon levels after 5-hour food removal (Supplemental Figure 2C ). In chow-fed mice, serum 5-PAHSA levels increased 3.5-fold and 9-PAHSA levels 2.5fold relative to those in vehicle-treated mice, and in HFD-fed mice 5-PAHSA levels increased 7-fold and 9-PAHSA levels 3.7-fold relative to chow/vehicle levels ( Figure 2B ). The greater fold increase in HFD-fed mice most likely reflects the higher treatment dose compared with our previous study in mice already on an HFD (18) . Consistent with the effects observed with a single dose of PAHSAs (Supplemental Figure 1) , chronic PAHSA treatment also decreased glycemia during pyruvate and lactate challenge in 18-hour-fasted chow-and HFD-fed mice (Supplemental Figure 3 ).
Chronic PAHSA treatment increases hepatic and systemic insulin sensitivity in chow-fed mice. To examine whether the inhibitory also show that PAHSAs promote adipocyte differentiation (22) and browning (23) . However, recently Pflimlin et al. (24) failed to find beneficial metabolic effects with a single dose or 6-day treatment with PAHSAs in HFD-fed mice (24) . Many important methodological issues contributed to their negative results, and these are discussed extensively in recent publications (25, 26) . In addition, another group using the same vehicle as Yore et al. (13) also found improved glucose tolerance in HFD-fed but not db/db mice (27) .
In the current study, we demonstrate using a more sophisticated technique, the hyperinsulinemic-euglycemic clamp, that PAHSAs are indeed insulin sensitizers. Furthermore, we identify additional targets of PAHSA action. PAHSA treatment enhances hepatic insulin sensitivity in aged chow-and HFD-fed mice and promotes glucose uptake into glycolytic muscle and heart in HFD-fed mice. To determine the mechanisms by which PAHSAs enhance hepatic insulin sensitivity, we examined both direct effects in hepatocytes and the indirect effect resulting from the augmentation of insulin-mediated suppression of white adipose tissue (WAT) lipolysis. Increased WAT lipolysis promotes hepatic insulin resistance by increasing hepatic gluconeogenesis through a substrate push mechanism (5). To determine whether lowering free fatty acid (FFA) levels is necessary for the effects of PAHSAs on insulin sensitivity, we infused Intralipid during the hyperinsulinemic-euglycemic clamp. PAHSAs still lowered EGP in chow-fed mice infused with Intralipid, whereas in HFD-fed mice, preventing the PAHSA-induced reduction in FFAs diminished the effects of PAHSAs on hepatic insulin sensitivity. Furthermore, our mechanistic studies show that PAHSAs inhibited EGP directly in isolated hepatocytes. This appears to be mediated by a cAMP-dependent pathway involving Gα i protein-coupled receptors. In summary, PAHSAs have direct and indirect effects on EGP, and these contribute to their systemic insulin-sensitizing effects. The indirect effects result from intertissue communication between adipose tissue and liver. Therefore, these data reveal what we think are new cellular and physiologic mechanisms underlying the beneficial effects of PAHSAs.
Results
Acute PAHSA treatment decreases glucose production in vivo through inhibition of cAMP signaling. A single oral dose of 5-and 9-PAHSAs, compared with vehicle treatment, decreased glycemia during a pyruvate tolerance test (PTT) in 18-hour-fasted chow-fed mice without changing insulin levels (Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI127092DS1). Consistent with this, acute 9-PAHSA infusion reduced EGP in 5-hour-fasted mice on a chow or HFD (Figure 1A) . To determine whether reduced EGP with acute 9-PAHSA infusion leads to reduced glycemia, we measured glycemia at the end of the PAHSA infusion in chow-and HFD-fed mice. Acute 9-PAHSA infusion tended to reduce glycemia in mice on a chow diet ( Figure 1B , left), consistent with reduced EGP. However, 9-PAHSA did not change ambient glycemia in mice on HFD ( Figure 1B , right). This could be explained by a concurrent decrease in glucose clearance, which we then calculated. While acute 9-PAHSA infusion did not affect glucose clearance in chow-fed mice, it reduced glucose clearance in HFD-fed mice ( Figure 1C ) at the same time that it reduced EGP. This result explains the lack of change in glycemia with 9-PAHSA infusion in HFD-fed mice. jci.org Volume 129 Number 10 October 2019 treated with PAHSAs (18) . To determine which tissues contribute to the improved insulin sensitivity, we analyzed the tracer data to assess the discrete components of basal and insulin-stimulated glucose metabolism. In the basal state, in chow-fed mice treated with PAHSAs, basal glucose clearance tended to be lower ( Figure  2E ) and basal EGP was lower compared with that in vehicle-treated mice ( Figure 2F ). In addition, insulin suppression of EGP was markedly greater in PAHSA-treated mice, indicating that PAHSA treatment enhances hepatic insulin sensitivity ( Figure 2F ). Furthermore, the glucose disappearance rate (Rd) was 30% higher in PAHSA-treated compared with vehicle-treated chow-fed mice ( Figure 2G ). However, 2-[1-14 C]-deoxy-d-glucose (2-DOG) uptake into individual muscles and adipose depots was not different between vehicle-and PAHSA-treated mice with a 2.5 mU/ effect of PAHSAs on hepatic gluconeogenesis is associated with an improvement in systemic insulin sensitivity, we performed hyperinsulinemic-euglycemic clamps (insulin infusion rate, 2.5 mU/kg/min) in chow-fed mice chronically treated with PAHSAs or vehicle. During the clamp period, blood glucose levels were maintained at approximately 120 mg/dL in both groups ( Figure  2C ). Insulinemia was increased to comparable levels (Supplemental Figure 4A ). Compared with vehicle-treated mice on a chow diet, PAHSA-treated mice needed a significantly higher glucose infusion rate (GIR) to maintain euglycemia, indicating that chronic PAHSA treatment improves insulin sensitivity ( Figure  2D ). These results reinforce our previous data showing improvements in glucose tolerance and insulin sensitivity, measured during glucose and insulin tolerance tests, in mice chronically PAHSA-treated HFD mice required a significantly higher GIR to maintain euglycemia than vehicle-treated HFD mice also with this higher insulin infusion rate ( Figure 3F ). In addition, the PAHSAtreated mice showed greater suppression of EGP by insulin ( Figure 3G ), even though this higher insulin infusion rate also suppressed EGP more in vehicle-treated mice than the lower infusion rate. Rd was not different between vehicle-and PAHSA-treated HFD-fed mice at the 4 mU/kg/min insulin infusion rate ( Figure  3H ). However, PAHSA treatment increased glucose uptake in the extensor digitorum longus (EDL) muscle and heart, although not into other muscles (anterior tibialis, soleus, or gastrocnemius) ( Figure 3I and Supplemental Figure 6F ). Chronic PAHSA treatment also increased Akt phosphorylation and the p-Akt/Akt ratio in heart, EDL, and liver at the end of the clamp in HFD-fed mice ( Figure 3J ). Phosphorylation of GSK3β was highly variable, and the p-GSK3β/GSK3β ratio was not different between vehicle and PAHSA treatments in any of the tissues analyzed (Supplemental Figure 7 ). Together, these data indicate that enhanced Akt signaling in heart, EDL, and liver may contribute to improved systemic insulin sensitivity in PAHSA-treated HFD-fed mice, although the impact of PAHSAs on specific signaling molecules differed from that in chow-fed mice ( Figure 2J ). Liver glycogen content was 4-fold higher in HFD-fed mice ( Figure 3K ) compared with chowfed mice ( Figure 2I ), as previously reported (36) . Interestingly, chronic PAHSA treatment markedly decreased liver glycogen content in HFD-fed mice to levels similar to those in PAHSA-treated chow-fed mice. This was not observed with acute PAHSA infusion (data not shown).
PAHSAs suppress lipolysis, and this partially accounts for the effects on suppression of EGP. Dysregulation of WAT lipolysis can lead to increased hepatic gluconeogenesis by two mechanisms: (i) release of glycerol provides the liver with an increased substrate for conversion to glucose through a substrate push mechanism; and (ii) increased acetyl-CoA delivery to the liver activates liver pyruvate carboxylase, which catalyzes an important early step in gluconeogenesis (5) . Both processes result in hepatic insulin resistance (5) . To determine whether PAHSAs could enhance hepatic insulin sensitivity through effects on lipolysis, we measured serum FFA levels. In chow-fed mice, FFA levels at the end of the clamp were lower in PAHSA-treated compared with vehicle-treated mice ( Figure 4A ). In HFD-fed mice, FFA concentrations were similar at the beginning of the clamp but lower at the end of the clamp in PAHSA-treated mice compared with vehicle-treated mice, indicating that PAHSAs increase sensitivity to insulin suppression of plasma FFA concentrations ( Figure 4A ). This suggests that PAHSAs increase adipose tissue sensitivity to the antilipolytic effects of insulin and that this may contribute to the hepatic and systemic insulin-sensitizing effects of PAHSAs. To test whether PAHSAs have a direct effect on inhibition of lipolysis, we carried out experiments in murine adipose tissue explants. Treatment with the β-adrenergic agonist isoproterenol increased lipolysis in adipose tissue explants, and 9-PAHSA inhibited isoproterenol-induced lipolysis with effects similar to those of insulin ( Figure 4B ). The direct effects of PAHSAs and insulin in WAT explants did not appear to be additive ( Figure 4B and Supplemental Figure 8B ). In addition, 9-PAHSA suppressed lipolysis in perigonadal WAT, but not in SQ WAT (Supplemental Figure 8B ). kg/min insulin infusion rate (Supplemental Figure 4B ). Therefore, we investigated whether hepatic glucose uptake could contribute to the difference in Rd (32) . Hepatic glucose uptake cannot be precisely measured with the 2-DOG uptake technique owing to the presence of G6pase in the liver, which regulates both glucose uptake and output so that 2-DOG is not "trapped" in liver as it is in muscle and adipocytes. However, 2-DOG incorporation into glycogen in liver provides some indication of hepatic glucose uptake (33, 34) . The rate of 2-DOG incorporation into glycogen in PAHSA-treated mice was increased 80% compared with that in vehicle-treated mice, suggesting an increase in hepatic glucose uptake ( Figure 2H ). Consistent with this, chronic PAHSA treatment increased liver glycogen content by 50% ( Figure 2I ), and there was a similar tendency with acute 9-PAHSA infusion in chow-fed mice (data not shown). To investigate the mechanisms underlying PAHSA-driven improvement of hepatic insulin sensitivity, we measured the effects of PAHSAs on hepatic insulin signaling at the end of the clamp. PAHSA treatment increased the phosphorylation and the total amount of Akt in liver of chow-fed mice. Although the p-Akt/Akt ratio was unchanged (Supplemental Figure 5 ), there was effectively more p-Akt with PAHSA treatment. This is reflected in increased phosphorylation of the AKT target protein glycogen synthase kinase 3β (GSK3β) in PAHSA-treated chow mice ( Figure  2J ). These data suggest that enhanced hepatic insulin signaling in PAHSA-treated chow mice could contribute to increased hepatic glycogen content and hepatic insulin sensitivity. Inhibition of hepatic glucose production can divert carbons toward lipid synthesis, leading to triglyceride (TG) accumulation in the liver and ultimately hepatic steatosis. However, chronic PAHSA treatment did not change liver TG levels in chow-fed mice ( Figure 2K ).
Chronic PAHSA treatment improves hepatic and systemic insulin sensitivity in insulin-resistant HFD-fed mice. To determine whether PAHSA treatment improves hepatic insulin resistance in HFD-fed mice, we initially used an insulin infusion rate of 2.5 mU/kg/min. Euglycemia was maintained during the clamp in both the vehicleand PAHSA-treated groups ( Figure 3A) , along with comparable increases in insulinemia in the groups (Supplemental Figure 6A ). Chronic PAHSA treatment resulted in a marked improvement of whole-body insulin sensitivity, indicated by a 4.5-fold increase in GIR ( Figure 3B ). Chronic PAHSA treatment did not affect basal EGP in HFD-fed mice ( Figure 3C ). However, in vehicle-treated HFD-fed mice, insulin at this infusion rate did not suppress EGP, whereas PAHSA treatment resulted in a 37% suppression of EGP, indicating that PAHSAs improve hepatic insulin sensitivity ( Figure  3C ). Rd, 2-DOG uptake in muscle and fat depots, and liver 2-DOG incorporation into glycogen were not different between the HFD groups at this insulin infusion rate (Supplemental Figure 6 , B-D). Liver TG levels were not changed after chronic PAHSA treatment in HFD-fed mice ( Figure 3D ).
Since the 2.5 mU/kg/min insulin infusion rate is optimal for assessing hepatic insulin sensitivity but may be insufficient for analyzing peripheral insulin sensitivity in insulin-resistant mice (35) , we performed a second hyperinsulinemic-euglycemic clamp in the HFD-fed mice with an insulin infusion rate of 4 mU/kg/min. Euglycemia was also reached in both HFD groups ( Figure 3E) , and insulinemia during the clamp period was not different between PAHSA-and vehicle-treated mice (Supplemental Figure 6E) . jci.org Volume 129 Number 10 October 2019 To determine whether PAHSAs' effects on lipolysis are required for their suppression of EGP, we performed hyperinsulinemic-euglycemic clamps with concurrent Intralipid infusion to prevent the suppression of FFAs and glycerol in chronic vehicle-or PAHSA-treated mice. Plasma FFAs were elevated approximately 2-to 3-fold during Intralipid infusion (Supplemental Figure 9 , A and B) in both chowand HFD-fed mice. As expected, Intralipid infusion for 2 hours did not alter GIR in vehicle-treated mice on a chow diet (6) , but tended to prevent the increase in GIR in PAHSA-treated mice ( Figure 4C ), although it did not affect the suppression of EGP driven by PAHSAs in mice on a chow diet ( Figure 4D ). PAHSA-treated mice receiving Intralipid showed higher insulinemia at the end of clamp (Supplemental Figure 9C ), although no differences in the fold increase over basal insulinemia were found among the experimental groups (Supplemental Figure 9D ). Conceivably, the insulin levels were higher at the end of clamp in PAHSA-treated mice receiving Intralipid because these animals had higher starting insulinemia (Supplemental Figure  9C ). However, this was not due to differences in endogenous insulin secretion, since C-peptide levels are comparable among the experimental groups both before and at the end of the clamp ( Figure 4E ). On the other hand, in mice on an HFD, in which serum insulin levels were unchanged between treatments ( Figure 4G ), Intralipid infusion prevented the insulin-sensitizing effect of PAHSAs on GIR and EGP (Figure 3 , F and G, and Figure 4 , F and H). This suggests that the antilipolytic effect of PAHSAs is responsible for the improvement of hepatic insulin sensitivity in HFD-fed mice.
PAHSAs directly inhibit basal and glucagon-stimulated EGP through a cAMP-dependent pathway involving Gα i protein-coupled receptors. Since Intralipid infusion fails to block the effects of PAHSAs on EGP in chow-fed mice, we investigated whether PAHSAs have a direct effect on EGP in isolated hepatocytes. A 3-hour treatment with 5-and 9-PAHSA inhibited basal EGP by 34% and 49%, respectively, in primary hepatocytes (Supplemental Figure 10 and Figure 5A ), and this effect was not additive with insulin at maximal or submaximal concentrations ( Figure 5A ). Furthermore, 9-PAHSA decreased glucagon-stimulated EGP dose dependently in primary hepatocytes ( Figure 5B ). Consistent with the data demonstrating that an acute PAHSA infusion attenuated PKA signaling in vivo (Figure 1 , E-G), we found that 30 minutes of 9-PAHSA incubation reduced glucagon-stimulated cAMP levels by approximately 39% in isolated hepatocytes ( Figure 5C ). Furthermore, 9-PAHSA did not alter 8-bromo-cAMP-stimulated EGP ( Figure 5D ), indicating that 9-PAHSA acts upstream of PKA.
Our previous studies have demonstrated that some of the biological functions of PAHSAs are mediated through G protein-coupled receptors (GPCRs) (13, 18) . Here we show that the effects of 9-PAHSAs on basal and glucagon-stimulated EGP were abolished by pertussis toxin (PTX) ( Figure 5E ), which inactivates G i -type GPCRs. Together, these data indicate that the effects of PAHSAs on EGP appear to be mediated by a cAMP-dependent pathway involving Gα i protein-coupled receptors ( Figure 5F ). Consistent with this, PAHSA-mediated inhibition of lipolysis in adipose explants was also blocked by PTX (data not shown).
Discussion
EGP regulation is a fundamental component of glucose homeostasis, and impaired insulin-mediated suppression of EGP plays a major role in the pathogenesis of T2D and its complications (37) . In this article, we show that PAHSA treatment markedly increases insulin action to suppress EGP in aged chow-and HFD-fed mice. In addition, in HFD-fed mice, chronic PAHSA treatment improves insulin-stimulated glucose uptake in glycolytic muscle and heart. We found that the mechanisms by which PAHSAs enhance hepatic insulin sensitivity involve direct and indirect effects, including intertissue communication between adipose tissue and liver. Suppression of lipolysis appears to be a key mechanism for the insulin-sensitizing effects of PAHSAs in HFD-fed mice. Our data suggest that PAHSAs might reduce the delivery of gluconeogenic substrates to the liver by inhibiting WAT lipolysis in HFD-fed mice, resulting in reduced EGP. In contrast to our previous chronic PAHSA treatment studies (18) , in the current study we used a disease prevention design in which we started PAHSA treatment and HFD simultaneously. Thus, this study shows that PAHSAs can prevent the development of insulin resistance with aging in chowand HFD-fed mice. Hence, these bioactive lipids might be developed into novel therapeutic agents for T2D prevention.
The relative importance of the direct and indirect mechanisms for EGP regulation by insulin is still under investigation (4-7). The direct effect of insulin has been shown to be sufficient to suppress EGP in experimental conditions mimicking the postprandial rise in hepatic insulinemia (4). This effect results from increased insulin signaling, which increases glycogen synthesis and reduces hepatic glucose output. In our study, we found increased insulin signaling in the liver of PAHSA-treated mice. This could be secondary to the increased insulin sensitivity resulting from chronic PAHSA treatment, because we have not observed any change in insulin signaling in PAHSA-treated mice in response to acute insulin injection in vivo or in PAHSA-treated isolated hepatocytes in response to shortterm incubation with insulin. With prolonged incubation of HepG2 cells with 5-PAHSA, insulin signaling was increased (27) , consistent with our data with chronic PAHSA treatment. But under different conditions, other mechanisms including the indirect pathway (i.e.,suppression of lipolysis) play a major role (5) . Several groups have demonstrated the importance of the indirect effects of insulin in suppressing EGP using genetic models of ablation of hepatic insulin signaling (i.e., liver Akt1-, Akt2-, and Foxo1-KO mice) and also HFD-induced insulin resistance (5, 6, 38) .
PAHSAs enhance sensitivity to insulin for some actions in adipose tissue, such as glucose transport and translocation of Glut4 glucose transporters from intracellular vesicles to the plasma membrane (13, 19) . Here we show that PAHSAs inhibit lipolysis directly in WAT explants ex vivo. PAHSAs also enhance the antilipolytic effect of insulin in vivo, as indicated by a greater reduction in FFAs at the end of the clamp in PAHSA-treated mice. Given their antilipolytic effect, we investigated whether inhibition of WAT lipolysis is critical in order for PAHSAs to improve hepatic and systemic insulin sensitivity. To test this, we clamped FFA and glycerol levels using Intralipid infusion, and this blocked the effects of PAHSAs on hepatic insulin sensitivity in HFD-fed mice. However, Intralipid infusion did not block the effects of PAHSAs on EGP in chow-fed mice, potentially because the degree of insulin resistance and the amount of lipolysis are lower in chow-fed mice. In addition, in WT mice on a chow diet, the inhibition of WAT lipolysis is not the main mechanism mediating the suppression of EGP by insulin, as demonstratjci.org Volume 129 Number 10 October 2019 Endogenous insulin secretion also contributes to suppression of EGP (4), but that is not the explanation for the effects of PAHSAs, because we found no differences in insulin and/or C-peptide levels between PAHSA-and vehicle-treated mice on either a chow or HFD in several experimental paradigms. During acute i.v. PAHSA infusion, we did not use any stimulus to increase ambient glucose levels, and we actually observed a modest decrease in glycemia over 3 hours (data not shown). We previously reported that PAHSAs augmented oral glucose-stimulated insulin secretion in aged chow-fed mice (18) . But in this study, we increased glycemia with i.p. pyruvate injection. The i.p. injection would bypass first-phase insulin secretion (50) , which most likely explains why we did not see augmentation by PAHSAs of insulin secretion in aged chow-fed mice. We have not previously observed an effect of PAHSAs on insulin secretion in HFD-fed mice (13, 18) .
In summary, we have identified target organs and biological mechanisms for the beneficial effects of PAHSAs on insulin sensitivity. Taken together, our data show that PAHSAs have multiple metabolic effects. This could be explained by the fact that PAHSAs activate multiple GPCRs that are present in different cell types and tissues and that exert different biologic effects in these tissues. Overall, it appears that in aged chow-fed mice, the effects of PAHSAs on GLP-1 and insulin secretion, combined with augmentation of insulin action to suppress EGP, are important for the improvement in glucose homeostasis. In HFD-fed mice, the in vivo mechanisms for improved glucose homeostasis appear to result more from PAHSAs' augmentation of insulin suppression of EGP, which results at least in part from their suppression of lipolysis. The PAHSA-mediated increase in insulin-stimulated glucose uptake in glycolytic muscle may also play a role in the beneficial effects in HFD-fed mice. Our data also show that in isolated hepatocytes, PAHSAs not only inhibit basal EGP directly, but also suppress glucagon-stimulated EGP through a cAMP-dependent pathway involving Gα i protein-coupled receptors.
Some effects of PAHSAs may be translatable from mice to humans, since the same PAHSA isomers are found in both species, and levels of many of these isomers are reduced in serum and subcutaneous adipose tissue in both insulin-resistant humans and mice (13) . For insulin secretion, PAHSAs augment it in chow-fed but not HFD-fed mice. But PAHSAs directly improve glucosestimulated insulin secretion (GSIS) in human islets from both normal and T2D individuals, and restore the impaired pulsatility of insulin secretion in islets from T2D individuals (21) . Determining the translatability of the findings in this study awaits development of PAHSAs suitable for administration to humans. Understanding the range of biological functions of PAHSAs and the underlying mechanisms will provide clarity regarding their roles in healthy and disease states.
Methods
Animal care. All C57BL/6J male mice were purchased from the Jackson Laboratory and were singly housed in ventilated cages with ad libitum access to food and water. Mice were kept on a 12-hour light/12-hour dark schedule at 22-23°C. Before handling, mice were allowed to acclimate for at least 1 week in the animal facility. For PAHSA i.v. infusion studies, 16-week-old mice were fed a chow or HFD for 8 weeks, after which insulin resistance was confirmed by an ITT. For PAHSA ed previously by the failure of Intralipid infusion to prevent insulin suppression of EGP in chow-fed mice (6) . These data are consistent with the notion that FFAs play a greater role in regulating EGP as the severity of insulin resistance increases (6, 39) . Several studies demonstrated a clear association between increased nonesterified fatty acid levels and hyperglycemia in T2D subjects (40) (41) (42) , but whether this plays a causative role is not known.
Our data indicate that PAHSAs also have direct effects on hepatocytes through a cAMP-dependent pathway. PAHSAs reduce basal and glucagon-stimulated glucose output in a cell-autonomous manner. The effect on glucagon-stimulated EGP may involve a reduction in glucagon-stimulated cAMP generation in primary hepatocytes. In contrast, PAHSAs have no effects on 8-bromo-cAMP-stimulated EGP, suggesting that PAHSAs decrease EGP by acting upstream of PKA. This concept is supported by our in vivo findings that PAHSA infusion decreases phosphorylation of CREB, a key cAMP-responsive PKA substrate, and the expression of CREB target genes Pck1 and G6pc1 (43) in the liver. PAHSAs also reduce the activity of G6pase, the rate-controlling glucose output enzyme, which is sensitive to cAMP (29) . These data demonstrate that the direct effect of PAHSAs to suppress EGP requires inhibition of cAMP signaling, resulting in decreased G6pase activity.
We next sought to understand the signaling upstream of PAHSAs' direct effects on hepatocytes. We have previously shown that GPCRs of the Gα q subtype mediate other biological functions of PAHSAs (13, 18, 20) . In the current study, PTX, a Gα i inhibitor, abolished the effects of PAHSAs on EGP, indicating that activation of a Gα i protein-coupled receptor is required for EGP suppression in response to PAHSAs.
We sought to determine whether PAHSAs also promote insulin-stimulated glucose uptake into muscle in vivo. We found increased glucose uptake, which could be explained by enhanced AKT signaling, in glycolytic (type II) fibers and heart in PAHSAtreated HFD-fed mice using a 4-mU insulin clamp dose. A higher insulin infusion rate is often required in order to achieve an effect on muscle glucose uptake compared with EGP due to the fact that EGP and lipolysis are more sensitive to insulin (35, 44) . The increased glucose uptake in glycolytic muscle in PAHSA-treated mice could contribute to the enhanced systemic insulin sensitivity, because glycolytic fibers are more abundant than oxidative fibers in mice (45) . Moreover, an increase in glycolytic muscle mass can result in metabolic improvement in obese mice (46) . In contrast, glycolytic muscle fiber mass positively correlates with insulin resistance and obesity in humans (47, 48) , but whether this contributes to, or is a response to, the insulin-resistant state is not known.
PAHSAs' effect of increasing glucose uptake in heart might be beneficial, because heart insulin resistance plays an important role in the pathogenesis of heart failure in individuals with T2D (49). Thus, our data suggest that increased glucose uptake in glycolytic fibers and heart by PAHSA treatment could be therapeutically beneficial. In PAHSA-treated chow-fed mice, we performed only a 2.5-mU insulin clamp, and we did not observe increased glucose uptake in extrahepatic tissues. This is expected, as we used an insulin dose that is optimized to detect changes in EGP, which is more sensitive to insulin than muscle glucose uptake (35) . A greater increase in insulinemia as achieved with a 4-mU clamp in the HFD-fed mice is needed to stimulate muscle glucose uptake (44) . jci.org In vivo tissue glucose uptake and 2-DOG incorporation into liver glycogen. For 2.5-mU clamp studies, tissue samples were weighed and homogenized, and the supernatants were subjected to ion exchange column to separate 2-[ 14 C]DOG-6-phosphate (2-DOGP) from 2-DOG. For the 4-mU clamp study, samples were weighed and homogenized in 0.5% perchloric acid. Homogenates were centrifuged and neutralized with KOH. One aliquot was counted directly to determine 2-DOG and 2-DOGP radioactivity. A second aliquot was treated with Ba(OH) 2 and ZnSO 4 to remove 2-DOGP and then counted to determine 2-DOG. 2-DOG was calculated as the difference between the radioactivity of these 2 aliquots. In all experiments, the accumulation of 2-DOG was normalized to tissue weight.
2-DOG incorporation into glycogen was measured as previously described (33) . In brief, liver samples (50-75 mg) were pulverized with mortar and pestle in liquid nitrogen, and digested by KOH. Once samples were dissolved, protein content was determined by the BCA assay. Glycogen was precipitated with 66% ethanol overnight. Glycogen concentration was determined by amyloglucosidase enzyme assays and corrected for sample protein content. To determine 2-DOG incorporation into liver glycogen, 14 C radioactivity in glycogen counts was divided by the integrated glucose-specific activity area under the curve and corrected for sample protein content.
Ex vivo lipolysis in adipose tissue explants. Lipolysis in adipose tissue explants was performed as previously described (19) . In brief, perigonadal WAT was harvested from 20-to 33-week-old male chow-fed mice from the Jackson Laboratory and minced into 20-to 30-mg pieces. Explants were incubated in Krebs-Ringer-HEPES buffer (20 mM HEPES pH 7.4, 120 mM NaCl, 1.2 mM CaCl 2 , 4.8 mM KCl, 0.6 mM MgSO 4 , 1.2 mM KH 2 PO 4 ) with 3% BSA, 200 nM adenosine, and 5 mM glucose with or without isoproterenol. The magnitude of the antilipolytic effect of 9-PAHSA was similar in the presence or absence of adenosine in the incubation media (Supplemental Figure 8 ). Insulin or 9-PAHSA was added 30 minutes before isoproterenol. Media were collected 2 hours after isoproterenol treatment, and FFA levels were determined using a colorimetric method according to the manufacturer's instructions (Wako NEFA kits). FFA levels were normalized to tissue weight.
PAHSA extraction and measurement. Lipid extraction was performed as previously described (13) . Lipids were extracted from mouse Intralipid infusion studies. After surgery, mice were kept on ad libitum chow or HFD for an additional 4 days. Body weight was monitored and catheters were flushed with 0.9% saline every day. For Intralipid infusion studies, catheters were flushed with 50 μL heparinized saline every day before the clamp study. All mice used for the studies lost less than 10% of initial body weight. Glycemia was measured by tail bleeding using a glucometer (OneTouch). For all experiments, ageand body weight-matched animals were used.
Materials and chemical reagents. All chemical reagents were purchased from Sigma-Aldrich unless otherwise stated. p-CREB (catalog 9196), CREB (catalog 9197), p-AKT (catalog 4058), AKT (catalog 9272), p-GSK3β (catalog 5558), GSK3β (catalog 12456) and β-actin (catalog 3700) antibodies were purchased from Cell Signaling Technology. d-[3-3 H]-glucose and 2-DOG were purchased from Perkin-Elmer. INTRALIPID 20% IV Fat Emulsion was purchased from Baxter. Heparin Sodium Injection was purchased from Pfizer Injectables. NEFA kits were obtained from Wako. Glucagon kits (Bio-Plex Pro Diabetes Assays) was obtained from Bio-Rad. ELISA kits were obtained from Crystal Chem (Mouse Insulin and C-Peptide), Abcam (Glycogen Assay Kit), and Cayman Chemical (Cyclic AMP ELISA Kit). Organic solvents for liquid chromatography-mass spectrometry (LC-MS) were purchased from Honeywell Burdick & Jackson. Both 5-and 9-PAHSA were synthesized by Dionicio Siegel (Skaggs School of Pharmacy and Pharmaceutical Sciences, UCSD) based on established methods (51) .
Measurement of metabolic parameters. For single PAHSA oral gavage studies, 17.5 hours after food removal (0.5 hours before initiation of the PTT) male mice were gavaged with 30 mg/kg body weight (chow-fed) 5-and 9-PAHSA in combination (50% each) or an equivalent volume of vehicle (50% PEG 400, 0.5% Tween-80, 49.5% distilled water). Mice received pyruvate (2 g/kg body weight) by i.p. injection 30 minutes after PAHSA or vehicle administration. For PTT, glycemia was monitored every 15 minutes, mice were bled from the tail vein using non-heparin-coated capillary tubes, and serum insulin was measured by ELISA. For chronic PAHSA treatment studies, body weight and food intake were measured weekly, and body composition was measured by MRI. For glucagon measurement, mice were treated with vehicle or 5-and 9-PAHSAs for 5 weeks by subcutaneous minipumps. Five hours after food removal, serum was collected in tubes containing aprotinin (25 Kallikrein inhibitor units [KIU]/ μL). Serum glucagon was then measured following the manufacturer's protocol. For pyruvate and lactate tolerance tests, 18-hour-fasted mice were injected with pyruvate and lactate (1:10, 2 g/kg body weight), and glycemia was monitored over a 2-hour period. For acute PAHSA infusion, after 5-hour food removal, 3-3 H glucose (0.05 μCi/ min) was infused through the jugular vein together with vehicle (0.5% BSA and DMSO) or PAHSA (chow: 9 μg/hour; HFD: 18 μg/hour, preconjugated with 0.5% BSA) at rate of 3 μL/min for 3 hours. EGP was determined from the average for the time points over the last 45 minutes. The basal glucose clearance rate was calculated as the glucose disposal rate divided by the plasma glucose concentration, as previous described (52) . For protein and RNA quantification, liver samples were freeze clamped, and other tissues were harvested and snap frozen in liquid nitrogen.
Hyperinsulinemic-euglycemic clamps. Hyperinsulemic-euglycemic clamps were performed in conscious and unrestrained 5-hour-fasted male mice, as previously described (35) . In brief, [3-3 H]glucose was continuously infused at the following rates: t = -120 to 0 minutes, 0.05 jci.org Volume 129 Number 10 October 2019 um fluoride) containing a protease inhibitor cocktail. The lysates were sonicated and centrifuged at maximum speed for 15 minutes. Protein concentrations were determined using the BCA assay, and 60 μg protein was used for Western blotting. Protein extracts were resolved on SDS-PAGE gel and transferred to nitrocellulose membranes (Bio-Rad). Proteins of interest were detected by incubation with secondary antibodies, followed by ECL detection reagent. Film images were scanned (Epson Expression 10000 XL) and quantified with ImageJ software (NIH). Gene expression. mRNA was extracted using TRIzol reagent (Invitrogen) and an RNeasy Mini kit (QIAGEN). cDNA was obtained using the Advantage RT-for-PCR kit (Clontech). Real-time PCRs for G6pc1 and Pck1 were performed on an ABI Prism 7900HT sequence detection system (Applied Biosystems) with TaqMan Universal PCR Master Mix and TaqMan gene expression assays (Applied Biosystems). Relative expression levels were determined using the ΔΔCt method. Target gene expression levels were normalized to GAPDH.
Statistics. All data are shown as mean ± SEM. Statistical significance was determined by 2-tailed Student's t test and/or 1-or 2-way ANOVA with Tukey's post hoc test for multiple comparisons. Significance was determined by repeated-measures ANOVA when required by the experimental design. Statistical analysis was performed with Prism 6.0 software (GraphPad Software). No data were excluded from the analyses. A P value less than 0.05 was considered statistically significant.
Study approval. The present studies in animals were reviewed and approved by the Institutional Animal Care and Use Committee at Beth Israel Deaconess Medical Center.
